Objectives: Methicillin resistance in Staphylococcus aureus and coagulase-negative staphylococci (CoNS) is caused by expression of the low-affinity penicillin-binding protein (PBP) 2a encoded by the mecA gene. This gene is carried on the staphylococcal cassette chromosome mec (SCCmec) of which several types and subtypes have been described. CoNS and S. aureus share SCCmec types and it has been suggested that CoNS are a potential reservoir of mecA for S. aureus. Evidence for this is mainly based on PCR typing of SCCmec or on sequence-based methods including only a limited number of strains. In this study, we determined the genetic relatedness of ccrB sequences contained in SCCmec elements of a spatio-temporally diverse and comprehensive collection of methicillin-resistant CoNS and S. aureus.
Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) strains are of particular clinical importance because they are a leading cause of healthcare-associated (HA) infections worldwide, have become a major cause of community-associated (CA) infections and have also emerged in livestock (LA-MRSA). 1 -4 Methicillin resistance is caused by the acquisition of penicillinbinding protein (PBP) 2a, with low affinity for b-lactam antibiotics, rendering strains that have acquired this PBP resistant to all b-lactam antibiotics. The gene for PBP2a, mecA, is located on a genomic island called staphylococcal cassette chromosome mec (SCCmec), which is integrated in the staphylococcal chromosome at a specific site, attBscc, located downstream of orfX. 5, 6 SCCmec elements are highly diverse in their structural organization and genetic content and have been classified into types and subtypes to study their epidemiology. SCCmec elements have two characteristic components: the mecA complex, responsible for b-lactam resistance, and ccr genes, encoding site-specific recombinases that mediate excision and integration of the element into the bacterial chromosome and thereby mobilization. 5 So far, three phylogenetically distinct ccr genes, ccrA, ccrB and ccrC, with DNA sequence similarities ,50%, have been identified in S. aureus. Whereas ccrC alone is able to mobilize SCCmec, the ccrA/B genes are both required for mobilization and are, therefore, normally both present. 7 Based on the SCCmec complex and ccr sequence, at least 11 major SCCmec types (I -XI) have been described in S. aureus isolates at the time of writing. 7 -10 The mecA gene is more widely distributed among coagulasenegative staphylococci (CoNS). 11, 12 CoNS are therefore commonly believed to be a potential reservoir of mecA for S. aureus. 13 Two reported events were presumed in vivo transfers of SCCmec from CoNS to S. aureus: a type V SCCmec transfer from methicillin-resistant Staphylococcus haemolyticus to S. aureus in a neonatal intensive care unit, and a SCCmec type IV transfer from a Staphylococcus epidermidis to S. aureus. 14 -16 In addition, several studies reported on the molecular epidemiology of SCCmec in S. epidermidis. 17 -20 One comprehensive study reported on the population structure of S. epidermidis based on multilocus sequence typing (MLST) data and the characterization of SCCmec from a comprehensive set of isolates collected from various parts of the world. 17, 18, 20 However, these studies used PCR-based methods to type SCCmec that result in a substantial number of untypeable isolates and, more importantly, lack resolution, since similarly sized PCR fragments do not unambiguously indicate sequence similarity, and thereby the epidemiological relatedness of SCCmec elements. 18,21 -24 Sequencing of the entire SCCmec element provides the highest resolution to assess the molecular epidemiology of SCCmec in MRSA and methicillin-resistant CoNS. Wisplinghoff et al. 20 used this approach to assess the relatedness of SCCmec type IV among 21 S. epidermidis isolates. This approach is, however, still not feasible for the study of hundreds of isolates. We therefore applied a sequence-based method to determine the genetic relatedness of hundreds of ccrB sequences of a large, diverse, Europe-wide collection of mecA-positive CoNS species and MRSA. We have targeted ccrB because this gene is most ubiquitous in SCCmec elements in methicillin-resistant CoNS and MRSA and because ccrB displays more sequence diversity than ccrA and mecA. 7, 25, 26 This makes this gene the best candidate to predict, using a sequence-based approach, the epidemiological linkage of SCCmec elements between CoNS and MRSA.
Materials and methods

Bacterial strains
Of an international collection of 594 staphylococci (107 S. aureus and 487 CoNS), 461 isolates (94 S. aureus and 367 CoNS) harboured both ccrB and mecA as determined by PCR, and were included in this study (Table 1) . 6, 26 Eighty-three isolates (82 CoNS and 1 S. aureus), collected in collaborating European centres from 15 different countries in 1997 and 1998 as part of the ENARE study, were selected based on species and geographical location in order to obtain a diverse set of isolates (Table 1) . 27 In addition, 285 consecutive CoNS, isolated from hospitalized patients in the UMC Utrecht from 1997, 1998 and the first 2 months of 2009 were included in this study, as well as 56 consecutive MRSA isolates collected at the UMC Utrecht from the years 1997, 1998 and 2009. All strains were isolated from sterile sites and caused invasive disease. Furthermore, 37 S. aureus were selected from an international collection of staphylococcal isolates and the MLST sequence type (ST) and SCCmec type were determined as described to obtain a geographically and genotypically (ST and SCCmec type) diverse set of S. aureus.
28,29 These 37 S. aureus isolates, designated S. aureus control isolates, were also added to compare the results of the conventional, not sequence-based, SCCmec typing method as described by Ito et al. 29 with ccrB sequencing. 26 The strains were cultured overnight on tryptic soy agar with sheep blood at 378C. DNA was extracted with a Nucleospin Tissue kit according to the protocol of the manufacturer (Bioké, Leiden, The Netherlands).
Multiplex PCR for the 16S rRNA gene, the mecA gene and the nuc gene was performed to confirm whether the isolates were methicillin-resistant CoNS or MRSA.
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Species determination
Species determination was performed using matrix-assisted laser desorption/ionization -time-of-flight mass spectrometry (MALDI-TOF MS) analysis using a Microflex (Bruker Daltonics, Bremen, Germany). Material from a single colony of a fresh overnight culture was placed onto a steel target plate (Bruker Daltonics). One microlitre of matrix solution of a-cyano-4-hydroxycinnamic acid (HCCA) was added and allowed to dry at room temperature. An internal control, Escherichia coli DH5a, was used for calibration before each experiment. Samples were analysed using MALDI-TOF MS and MALDI Biotyper 2.0 software (Bruker Daltonics) with default settings. Only when the internal control and the identification score were .2 was the identification accepted. When duplicate samples gave the same results with an identification score between 1.8 and 2 the results were also accepted. 32, 33 Fluit et al.
MLST of the S. epidermidis isolates
For typing of S. epidermidis isolates the updated MLST scheme described by Thomas et al. 34 was used.
ccrB sequencing
Based on available S. aureus and S. epidermidis ccrB sequences at GenBank, two pairs of degenerate primers (Table 2) were designed in the region of the internal fragment that was used in the previously described ccrB typing tool. 26 Two sets of primer pairs were needed because no suitable single pair of primers could be designed to cover the different alleles. These primer pairs were used to amplify the ccrB gene from the 461 ccrB-positive staphylococcal isolates. The selected primers were specific for ccrB and yielded no product in ccrB-negative strains, including strains that were only ccrC positive (data not shown). Raw ccrB sequences were edited in BioNumerics (version 5.10, Applied Maths, Sint-Martens-Latem, Belgium). The 455 bp ccrB amplicons were sequenced and alleles and allotypes were assigned using http://www. ccrbtyping.net. Based on these alleles, the SCCmec type was predicted only for the S. aureus isolates. 25, 26 Only sequences that were 100% identical were assigned the same allele, while sequences with 90%-100% identity were assigned the same allotype. Phylogenetic analysis of the ccrB and MLST data was performed using MEGA 4.1. 35 Neighbour-joining trees were constructed with the maximum composite likelihood model assuming rate uniformity and pattern homogeneity.
Results
CoNS species
MALDI-TOF MS-based species identification of the 367 CoNS revealed that the most prevalent CoNS, representing 66% of all CoNS isolates, was S. epidermidis, followed by Staphylococcus hominis (18% of the CoNS) and S. haemolyticus (9%). The other seven CoNS species each represented ,5% of the CoNS. In general, the distribution of CoNS species was similar among the different collections and time periods with one exception. Of the 2009 CoNS isolates from the Netherlands, 24% (n¼ 10) were Staphylococcus capitis, while this species was rarely found or absent at other timepoints and in the ENARE collection (Table 1) .
ccrB alleles and allotypes in S. aureus and CoNS
Sequencing of the ccrB gene of the 37 S. aureus control isolates yielded seven different ccrB alleles representing three different ccrB allotypes (Table S1 , available as Supplementary data at JAC Online). In all cases, assignment of SCCmec based on ccrB sequences of the 37 S. aureus control isolates corresponded with the conventional, PCR-based, SCCmec typing method (Table S1 , available as Supplementary data at JAC Online). This result confirmed that in S. aureus ccrB sequences are predictable for the SCCmec type. 25, 26 Comparison of the ccrB sequences of the 94 ccrB-positive S. aureus and 367 ccrB-positive CoNS with known ccrB sequences obtained from the online ccrB database (http://www.ccrbtyping. net) yielded 32 different alleles, including 9 new alleles, that could be assigned to 8 ccrB allotypes (Table 3 and Table S1 , available as Supplementary data at JAC Online). 26 These nine new ccrB alleles, present in 14 (3%) isolates, belonged to allotypes 2, 3, 4 and three new allotypes (Table S1 , available as Supplementary data at JAC Online). The new alleles were found in S. aureus (n¼ 1), S. capitis (n¼ 6), S. epidermidis (n¼ 6) and S. hominis (n¼1).
Allele 300 was the most prevalent ccrB allele and found in 187 (41%) of the ccrB-positive isolates (19 S. aureus and 168 CoNS). High prevalence of allele 300 in S. epidermidis has been described before. 36 In total, 132 isolates (29%) harboured allele 400 (43 S. aureus and 89 CoNS) (Table 3 and Table S1 , available as Supplementary data at JAC Online).
Allele 1200 was exclusively confined to S. haemolyticus [9/33 isolates (27%)] (Table 3 and Table S1 , available as Supplementary data at JAC Online). Allele 410, found in five (2%) of the ccrB-positive isolates, as well as alleles 414 (n¼ 1), 602 (n¼ 3) and 603 (n¼3), appeared to be specific for S. epidermidis.
In total, 94 (26%) of the CoNS carried alleles that were exclusively found in CoNS while a total of 273 (74%) CoNS isolates carried alleles (100, 200, 300, 400, 401 and 402) that were also present in S. aureus (Table 3 and http://www.ccrbtyping. net). On the other hand 92 (98%) of the 94 S. aureus isolates contained ccrB alleles that were also found in CoNS (Table 3) . Only allele 105 and new9 were exclusively found in S. aureus.
Phylogenetic analysis of ccrB sequences yielded an evolutionary tree that displayed the genetic relatedness of ccrB allotypes and revealed a higher level of genetic diversity in ccrB sequences from CoNS than from S. aureus (Figure 1 ). This tree demonstrates that, with a few exceptions, ccrB sequences of S. aureus isolates are shared with CoNS ( Figure 1 ). There is no clustering of ccrB sequences based on geographical origin or year of isolation (Figures S1 and S2, available as Supplementary data at JAC Online).
Distribution of STs among clinical S. epidermidis isolates
MLST was used assess the evolutionary linkage of S. epidermidis isolates that carry ccrB genes and that are identical to ccrB genes in S. aureus. Two hundred and nine isolates could be typed by MLST. This resulted in 28 different STs (Table S1 , available as Supplementary data at JAC Online). The most frequently observed ST was ST2, which represented 53% of the typed S. epidermidis isolates (n¼ 111), followed by ST23 (10%), ST5 (7%) and ST22 (5%). Each of the remaining STs comprised ,5% of the isolates (Table S1 , available as Supplementary data at JAC Online). This relative distribution of genotypes is comparable to the MLST data from the S. epidermidis MLST database (http://sepidermidis. mlst.net/) and from the data described by Miragaia et al. 19 The majority of the S. epidermidis ST2 isolates (n¼ 102, 92%) harboured ccrB allotype 300 (Table S1 , available as Supplementary data at JAC Online), but this allotype was rare or absent in other STs. In ST5, ST23, ST83 and ST88, allele 400 is the most prevalent ccrB allele, with 10 (71%), 20 (95%), 7 (88%) and 8 (100%) isolates, respectively. Clustering of S. epidermidis STs and mapping of ccrB alleles that are shared between S. epidermidis and S. aureus in the S. epidermidis population snapshot revealed that S. epidermidis clones that carry ccrB genes shared with S. aureus do not group in a single clonal complex or lineage, but are of a diverse genetic background (Figure 2 and Table S1 , available as Supplementary data at JAC Online).
Discussion
It is believed that CoNS serve as donors of SCCmec to S. aureus.
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If true, this predicts that all ccrB alleles present in MRSA are also present among CoNS and that novel ccrB alleles may be present in CoNS. Data on the similarity of ccrB sequences between MRSA and methicillin-resistant CoNS are, however, limited. In our study, in a spatio-temporally diverse and comprehensive set of MRSA and methicillin-resistant CoNS species, not limited to S. epidermidis, 98% of MRSA carried ccrB genes that were indistinguishable from ccrB genes of methicillin-resistant CoNS. These shared sequences involved different ccrB alleles. In turn, 74% of CoNS shared ccrB gene sequences with MRSA, indicating that the majority of ccrB sequences are shared between MRSA and methicillin-resistant CoNS. In addition, phylogenetic comparison of ccrB sequences from CoNS and S. aureus in our study show that CoNS carry a more diverse repertoire of ccrB sequences than S. aureus. These data are in agreement with the hypothesis that CoNS are a reservoir for SCCmec in MRSA.
Transmission of SCCmec between S. epidermidis and S. aureus has been supported by several lines of evidence. Both CoNS and S. aureus often occupy the same niche, providing ample opportunities for genetic exchange and, importantly, methicillin resistance prevalence rates in CoNS are in general much higher Minimum spanning tree of all S. epidermidis STs admitted to the MLST database. The minimum spanning tree was based on 357 different STs (every ST represented only once) contained in the S. epidermidis web site (http://sepidermidis.mlst.net/) (last accessed November 2011 and constructed using BioNumerics 5.1). Each dot in the tree represents a different ST. Heavy short lines connecting two STs denote types differing by a single MLST locus, thin longer lines connect double-locus variants and dotted lines indicate the most likely connection between two types differing by more than two MLST loci. The connections between types differing in more than a single locus are less likely to represent an evolutionary relationship, but indicate the connection to the most similar type. The grey arrows represent the clusters in which the ccrB sequences from the S. epidermidis isolates are shared with the ccrB sequences from the S. aureus isolates. Different ccrB types shared between CoNS and MRSA are scattered among genetically distinct STs, indicating that S. epidermidis that carry ccrB genes that are shared with S. aureus isolates do not belong to a specific genetic subpopulation. than in S. aureus.
12 A study including sequence data of the entire SCCmec type IV in 16 S. epidermidis isolates indicated that this element displayed 98% -99% similarity with the elements found in S. aureus, while in the S. epidermidis genome only 17% of the open reading frames (ORFs) have .80% similarity with S. aureus. 20 In another study the fully sequenced SCCmec type IV element of three S. epidermidis isolates was highly similar to those described in MRSA. 17 The de novo formation of MRSA clones through horizontal transmission of SCCmec has also been postulated based upon the results of a phylogenomic analysis comparing singlenucleotide polymorphisms (SNPs) of 108 loci in 135 isolates. 37 This study indicated that particular MRSA clones mainly spread regionally and not globally and that the de novo formation of MRSA may occur more often than initially anticipated. Therefore, the occurrence of unexpected cases of MRSA infections in patients without clear epidemiological linkage to known MRSA carriers may indeed represent events of SCCmec acquisition by resident methicillin-susceptible S. aureus (MSSA) strains. Two such events have been described in more detail. 14 -16 In both cases genetically indistinguishable MSSA and MRSA were co-isolated together with a CoNS isolate that contained a SCCmec highly similar to the SCCmec present in the MRSA isolate.
A number of studies used PCR-based methods to type SCCmec from CoNS, which resulted in a substantial number of untypeable isolates. More importantly, PCR-based typing lacks resolution, since similarly sized PCR fragments do not, unambiguously, indicate sequence similarity. Therefore, PCR-based typing is suboptimal for assessing epidemiological relatedness of SCCmec elements. 17,21 -23 In this study, we have used ccrB sequencing to assess epidemiological linkage of SCCmec elements between CoNS and MRSA. It is known that CoNS isolates may harbour two SCCmec types, which potentially could impede correct base-calling of ccrB sequences. However, the majority of these CoNS carry a ccrC-based SCCmec and a ccrB-based SCCmec, hence only one ccrB copy. 10 Therefore, it is not surprising that we did not find CoNS with two ccrB sequences in one isolate, which could have complicated ccrB base-calling.
A population genetic analysis of S. epidermidis using MLST revealed that S. epidermidis STs, representing isolates that carry ccrB genes identical to ccrB genes contained in MRSA, are scattered among the S. epidermidis population. This indicates that S. epidermidis isolates that have potentially donated ccrB genes to MRSA are not part of a specific genetic subpopulation, but that S. epidermidis clones from diverse genetic backgrounds may have served as donors of ccrB genes for S. aureus.
MLST and ccrB sequencing of methicillin-resistant S. epidermidis isolates also revealed no association between genetic background (ST) and ccrB sequence. For example, ccrB allotype 2 was documented in 81 S. epidermidis isolates represented by 23 genetically diverse STs. A similar finding was reported in a study by Miragaia et al. 19 There, SCCmec type IV, which has an allotype 2 ccrB, determined by PCR, was present in 39 genetically diverse STs.
Phylogenetic comparison of ccrB sequences from CoNS and S. aureus indicated that CoNS carry a more diverse repertoire of ccrB sequences than S. aureus. A possible explanation is that the SCCmec elements have been associated with CoNS for a longer period of time than with S. aureus and therefore have had more time to evolve. If true, this also suggests that SCCmec in MRSA has originated from CoNS. In order to further substantiate this hypothesis, studies are needed that involve 'old' CoNS isolated around and before the introduction of methicillin. Alternatively, CoNS may acquire DNA more easily than S. aureus. The difference in population structure between S. aureus and S. epidermidis suggests a higher recombination to mutation ratio in the latter species, which supports more frequent DNA uptake. 19, 38 This study also identified new ccrB alleles in CoNS, most likely representing new SCCmec elements. The fact that these new elements have not yet been found in MRSA may indicate that successful transfer has not yet occurred, or that these elements are less transferable. Potentially, these new SCCmec elements may enlarge the variation of SCCmec elements in MRSA.
The relatively high number of isolates from a comprehensive set of various CoNS species, from different geographical locations and time periods, and the high resolution of the analysis allowed for the first time a quantitative analysis of the genetic relatedness of ccrB, contained in SCCmec, between CoNS and S. aureus. This study demonstrated that the vast majority of ccrB sequences are shared between methicillin-resistant CoNS and MRSA. The presence of a shared reservoir of ccrB supports the hypothesis that CoNS species act as donor of the methicillin resistance determinant mecA for S. aureus. 
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